The bark and leaf essential oils of Verbesina turbacensis were obtained by hydrodistillation and analyzed by GC-MS. The bark oil of the plant was composed mainly of monoterpene hydrocarbons (83.5-90.4%), predominately α-pinene, while the leaf oil was composed mainly of sesquiterpene hydrocarbons, dominated by germacrene-D (29.1-36.9%), and δ-elemene (21.7-22.1%). Three bornyl hydroxycinnamic esters isolated from the acetone bark extract were found to inhibit the cysteine protease, rhodesain. Molecular docking analysis to probe the inhibitory interactions of the esters was also carried out.
There are approximately 300 species of Verbesina (Asteraceae) growing in warm regions of the Americas [1a] . Verbesina turbacensis Kunth is widely distributed throughout Central America from Mexico to Colombia and Venezuela [1b] . This species is particularly common in Costa Rica. V. turbacensis is a shrub or small tree that grows to about 4 m, have hairy leaves and stems. Its dull white, finely hairy flower blooms most of the year, and it grows predominantly in elevated habitats [1c] . Ethnomedicinal records show that this plant is used to treat wounds in its native localities [1d] . Compounds previously isolated from this plant [1e] and related compounds [2] are currently being studied for their anti-inflammatory activities. In this work, we present the chemical compositions of the essential oils of the bark and leaves of V. turbacensis. In addition, we present the isolation and cysteine protease inhibitory activities of hydroxycinnamic esters of borneol, previously isolated from this plant [1e] .
The chemical compositions of V. turbacensis bark and leaf essential oils are summarized in Table 1 . Sixtyseven compounds were identified in the bark oils while fifteen compounds were identified in the volatiles from the leaves. The bark essential oil was composed principally of monoterpene hydrocarbons, predominantly α-pinene (44.9-46.9%), β-pinene (14.4-19.6%) and camphene (17.2-19.6%). The leaf oil, on the other hand, was largely composed of the sesquiterpene hydrocarbons germacrene-D (29.1-36.9%) and δelemene (21.7-22.1%), with lesser amounts of α-pinene (11.1-13.9%), β-pinene (12.8-15 .6%), and limonene (8.4-9 .6%), comparable to that previously reported for V. turbacensis leaf oil [3a] . V. diversifolia leaf oil was also found to be dominated by sesquiterpenes [3b] . Terpenes [4] and essential oils [5] have been previously linked to wound healing. The isolation of sesquiterpenes and monoterpene esters from the leaves and bark of V. turbacensis as major components [1b,1e] corroborates the wound-healing ethnomedicinal use of the plant, which further provides a case for the relevance of ethnomedicinal approaches in modern drug discovery efforts to treat infectious diseases.
In our continued effort to isolate novel or previously characterized compounds with potential antitrypanosomal activity [6], the inhibitory activity of the isolated hydroxycinnamic esters of borneol against rhodesain was examined. Rhodesain is the major cathepsin L-like protease in African trypanosomes, and rhodesain, as well as the cathepsin B-like protease, TbCatB, are targets for new human African trypanosomiasis (HAT) chemotherapy [7] . Over the last decade, parasitic proteases have been the subject of extensive investigations to identify novel antitrypanosomal agents due to the enormous roles they 
Limonene 3.6 6.2 8.4 9.6 9.5 1038
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Germacra-4(15),5,10(14)-trien-1α-ol play in the parasites [8] . Human African trypanosomiasis, like other parasitic diseases, remains a major health concern in sub- being the most active of the three ( activities have also been reported. To determine the possible selectivity of the esters against rhodesain, their activity against the human cathepsin L was also examined, (-)-bornyl coumarate and (-)-bornyl ferulate exhibited higher inhibitory activity toward the parasitic protease while the caffeate derivative had a lower micromolar IC 50 against both proteases (Table 2) .
A molecular docking analysis of the bornyl esters in the proteases was also carried out to explore the possible protein-ligand interactions, and to further probe the structure-activity differences between the ligands with the protein targets. The docking scores of the caffeate and ferulate esters in rhodesain (Table 2) indicates that the presence of the additional methoxyl (ferulate) and hydroxyl (caffeate) enhances their interaction with the protease, which agrees with experimental data. 1164 Natural Product Communications Vol. 5 (8) 2010 Ogungbe et al.
Although from the experimental data, the caffeate derivative is the best inhibitor of rhodesain out of the three hydroxycinnamic esters. The aromatic groups of the cinnamate esters fit into a hydrophobic pocket in rhodesain formed by Leu67, Met68, Ala208, and Ala138. (-)-Bornyl caffeate is predicted to interact with active site catalytic triad residues His162, Cys25, and Asp161, and hydrogen bonding is predicted between its ester carbonyl moiety and the thiol group (-SH) of the active cysteine (Cys25), Asp69, and Gly163 (Figure 1) . Just like the caffeate, the ferulate and coumarate derivatives are also predicted to interact with residues that make up the catalytic triad. In the ferulate and coumarate esters, hydrogen bonding is predicted between their ester carbonyl moiety and Cys25, Gly163, and Asp69 (ferulate only) of the target (Figure 2) . The interaction between the thiol group and the carbonyl group of the esters is similar to that of the protease and the peptide bonds of its physiological substrate, which could explain the inhibitory activity of the esters. However, the presence of two hydrogen-bond donors in the aromatic moiety of the caffeate derivative relative to the other two esters could explain its higher inhibitory activity (Figure 1) . The docking score obtained for each inhibitor in human cathepsin L (Table 2) also show a trend similar to that obtained experimentally.
In conclusion, the chemical compositions of the leaf and bark essential oils indicate that monoterpene hydrocarbons are preferentially distributed in the bark of Verbesina turbacensis, while the leaves contain higher percentages of sesquiterpene hydrocarbons. There have been no previous reports of bornyl esters exhibiting anti-trypanosomal activity. However, it was reported recently that peroxiterpenes, especially (-)sigmosceptrellin B from the marine sponge Diacarnus bismarckensis, have excellent in-vitro antitrypanosomal activity [10c]. The diterpene kolavenol, isolated from Entada abyssinica, a plant used ethnomedicinally to treat sleeping sickness in east Africa, has also shown trypanocidal activity [11a] . In this report we have demonstrated that (-)-bornyl esters inhibit the cysteine protease of T. brucei rhodesiense, with the ferulate and coumarate derivatives showing some inhibitory selectivity. In-vitro as well as in-vivo antitrypanosomal activity need to be evaluated, while synthetic analogues of the terpene esters could provide leads for protease selectivity and novel HAT chemotherapy.
Experimental

Plant Material:
Leaves and bark of Verbesina turbacensis Kunth were collected on May 5, 2008, from several individuals growing in the San Luis Biological Station, Monteverde, Costa Rica (10° 15' 49" N, 84° 49' 52" W, 700 m above sea level). The plant was identified by W. A. Haber and a voucher specimen (Haber 10337) has been deposited in the Missouri Botanical Garden Herbarium.
Essential Oils: Fresh plant materials (leaves or bark) were chopped and hydrodistilled for four hours using a Likens-Nickerson hydrodistillation apparatus [11b] with continuous extraction with CHCl 3 (50 mL). The chloroform was evaporated to yield yellow essential oils (Table 3) . 
GC-MS Analysis:
A chromatographic-mass spectral analysis was performed on the essential oils of V. turbacensis using an Agilent 6890 GC with Agilent 5973 mass selective detector as previously described [11c] . Identification of the oil components was based on their retention indices, determined by reference to a homologous series of n-alkanes, and by comparison of their mass spectral fragmentation patterns with those reported in the literature [12] and stored in the MS library [NIST database (G1036A, revision D.01.00)/ChemStation data system (G1701CA, version C.00.01.080]. The percentages of each component are reported as raw percentages based on total ion current without standardization. The chemical compositions of the V. turbacensis bark and leaf oils are summarized in Table 1 .
Extraction: Air-dried bark of Verbesina turbacensis (827.5 g) was extracted with refluxing acetone for six hours. The solvent was evaporated in vacuo to give an oily dark brownish tar (36.3 g).
Compound Isolation: The crude extract (25 g) was separated by flash column chromatography over silica gel (500 g, 230-400 mesh, Sorbent Technologies, Inc.), eluting with a step gradient consisting of hexane/ethyl acetate (9:1, 2 L; 4:1, 0.8 L; 2:1, 2 L; 1:1, 2 L); EtOAc, 2 L; ethyl acetate/ethanol (1:1, 3 L); and ethanol, 2 L, to give 63 fractions (~200 mL each). Fraction 24 (3.15 g) was further separated over 100 g of silica gel eluting with hexane/ethyl acetate (4:1, 150 mL; 7:3, 150 mL; 2:1, 150 mL; 1:1, 150 mL; ethyl acetate, 150 mL), to give 15 fractions (A). Fractions A 9 and A 10 were combined (1.9 g) and further separated over 50 g of silica gel, eluted like fraction 24 above, to afford a Combined fractions 32-34 (2.2 g) was separated over 70 g of silica gel, eluting with hexane/ethyl acetate like fraction 24 above, to give 12 fractions (D). D 9 was separated over 30 g of silica gel, eluting with CH 2 Cl 2 /methanol (2:1, 300 mL), to give 5 fractions (E). E 3 -E 5 were combined and separated over 20 g of silica gel, eluting with hexane/ethyl acetate (4:1, 300 mL) to afford pure (-)-bornyl caffeate (89.9 mg, colorless oily gum, ESI-MS M + m/z (rel. int.) = 315.1). Structures were determined by comparison of 1 H, 13 C NMR spectra with those reported in the literature [13] .
Rhodesain Expression and Inhibition Assay:
Recombinant rhodesain ΔC plasmid was a generous gift from Conor Caffrey (Sandler Center for Basic Research in Parasitic Diseases, University of California, San Francisco). The protease was expressed in the yeast P. pastoris and purified as previously described [14a] . The inhibition assay was carried out using a 96-well plate (Costar ® black, clear bottom), read in a Molecular Devices SpectraMax M5 ® fluorescence plate reader. To a 96-well black plate that contained the test compound (in DMSO) was added 100 μL per well of rhodesain or human cathepsin L (Biovision ® ) (in a 400 mM sodium acetate buffer solution pH 5.5, 4 mM DTT and 0.001% Triton X-100). The enzyme-compound mixture was incubated for 5 min, 100 μL of the substrate, Z-Phe-Arg-AMC (in the same buffer solution), was added to the enzyme-compound mixture.
The fluorescence (RFU/sec) resulting from proteolytic cleavage of the substrate was measured for 10 minutes at 37°C (Excitation at 355 nm and Emission at 460 nm) (see Figure 3A ). The assay was carried out in triplicate. The final assay concentration of enzymes and substrate were 2 nM (rhodesain), 4 nM (Human cathepsin L) and 10 μM Z-Phe-Arg-AMC, respectively, while the test compound concentrations ranged between 0.94 and 166.5 μM. The active site concentration of both proteases was determined by E-64 titration [14b]. The IC 50 of each test compound was obtained by non-linear regression using GraphPad Prism 5 ® (see Figure 3B ).
Molecular Docking:
Molecular docking was carried out using Molegro Virtual Docker (MVD v. 4.0) [14cd]. The PDB crystal structure atomic coordinates of rhodesain (PDB 2p7u and 2p86) and human cathepsin L (PDB 3h8b and 3hha) were imported. All solvent molecules and the co-crystallized ligands were removed from the structures. The appropriate binding cavity of the structures was set for both proteases and was visually inspected. Different orientations of the ligands were searched and ranked based on their energy scores. The RMSD threshold for multiple cluster poses was set at < 1.00Å. The docking algorithm was set at maximum iterations of 1500 with a simplex evolution population size of 50 and a minimum of 30 runs for each ligand.
